Severe primary respiratory syncytial virus (RSV) infections are characterized by bronchiolitis accompanied by wheezing. Controversy exists as to whether infants suffer from virus-induced lung pathology or from excessive immune responses. Furthermore, detailed knowledge about the development of primary T-cell responses to viral infections in infants is lacking. We studied the dynamics of innate neutrophil and adaptive T-cell responses in peripheral blood in relation to theviral load and parameters of disease in infants admitted to the intensive care unit with severe RSV infection. Analysis of primary T-cell responses showed substantial CD8 ؉ T-cell activation, which peaked during convalescence. A strong neutrophil response, characterized by mobilization of bone marrow-derived neutrophil precursors, preceded the peak in T-cell activation. The kinetics of this neutrophil response followed the peak of clinical symptoms and the viral load with a 2-to 3-day delay. From the sequence of events, we conclude that CD8 ؉ T-cell responses, initiated during primary RSV infections, are unlikely to contribute to disease when it is most severe. The mobilization of precursor neutrophils might reflect the strong neutrophil influx into the airways, which is a characteristic feature during RSV infections and might be an integral pathogenic process in the disease.
Viral infections are characterized by a dynamic interplay between the pathogen and defensive innate and adaptive immune responses of the host (35, 38) . Upon infection, virusspecific structural components are recognized by pattern recognition receptors of the host, which triggers a mechanism aimed at the suppression of virus replication and eventually virus elimination. Each virus has a characteristic signature of triggering innate immune receptors and methods to counteract immune responses of the host, which ultimately results in an immune response tailored to the particular properties of the infecting virus (6) .
Most insights into the sequence of events occurring during viral infections have been obtained from animal experiments, where the immunological control of viral infections can be studied in detail. In many murine models, the crucial role of CD8 ϩ T cells in complete elimination of the virus during acute infections has been well established (9, 20, 27) . However, both virus-induced damage and immune pathology might contribute to the disease, depending on the type of viral infection and/or the intensity of the innate and adaptive immune responses triggered (10, 20, 37, 41, 49, 60) .
Primary infections with respiratory syncytial virus (RSV) can cause severe bronchiolitis and pneumonia in infants (24) . For RSV, the mouse is not a good model to study primary disease because the virus replicates poorly in murine cells. Hence, to obtain insight into the mechanism of disease caused by RSV, infection studies in humans or nonhuman primate models are needed. We and others have shown that RSV infection causes a strong influx of neutrophils into the airways (15, 25, 48) . In addition, we have recently shown that substantial virus-specific CD8 ϩ T-cell responses can be elicited in infants with severe RSV infections (25) . However, it is still a controversial issue whether the severe manifestations of lower respiratory tract disease are caused directly by the virus or by innate and/or adaptive immune responses triggered by RSV (8, 20, 31, 57) . In our previous work, we found no relation between the severity of disease and the number of virus-specific CD8 ϩ T cells in peripheral blood (25) . Moreover, a direct role of the viral load or different viral strains in disease severity has not been established convincingly (11, 59) .
Data on the development of primary T-cell responses in infants (Ͻ6 months old) during acute viral infections and after vaccinations are sparse. It is generally accepted that the infant immune system is immature and less effective than that of older children or adults. This has been shown by lower activation and/or Th2-polarized adaptive immune responses (1, 2, 58) . For RSV-induced disease, it has been suggested that a Th2-biased immune response might be correlated with disease (39, 45, 50) , but this idea has been challenged by others (4, 7, 12) .
Currently, there is no RSV vaccine, and the only preventive treatment available is a humanized neutralizing antibody specific for the fusion protein of RSV that is administered to high-risk groups and is effective in about 60% of children (29) . Immune-suppressive or antiviral treatments during severe RSV disease have marginal to no effect (3, 23, 55) . Insights into the kinetics of the viral load and disease course in relation to activation of the innate and adaptive immune response will shed light on factors that are attributed to severe RSV-induced disease and will possibly provide leads for the development of curative treatment. We therefore monitored the dynamics of these parameters in infants admitted to the pediatric intensive care unit (ICU) with severe primary RSV infections. During primary RSV infection, the peak values of the viral load and disease severity were followed by the exhaustion of the peripheral blood neutrophil pool, indicating a strong innate immune response closely associated with the peak of disease. We further showed that this natural respiratory infection elicited a strong primary CD8 ϩ T-cell response in the very young patients (Ͻ3 months). This T-cell response was undetectable at the moment of hospitalization, when the infants were severely ill, and peaked at convalescence. Therefore, severe primary RSV disease does not seem to be caused by inadequate or exaggerated T-cell responses but is most likely initiated by viral damage followed by intense innate immune processes.
MATERIALS AND METHODS
Study population, clinical characteristics, and sample collection. The study population consisted of 22 infants younger than 52 weeks of age admitted to the pediatric ICU of the Wilhelmina Children's Hospital during the winter seasons of 2007 to 2009. All patients required mechanical ventilation because of respiratory failure due to RSV lower respiratory tract infection (LRTI). Routine treatment consisted of supportive therapy (e.g., supplemental oxygen administration and fluid and electrolyte management) at the discretion of the attending clinicians. The patients were not treated with corticosteroids. Children with immune deficiencies were not included in the study. To measure the development of T-cell and neutrophil responses over time, 1 ml of blood was collected in EDTA tubes directly after written parental informed consent and every other day until discharge from the ICU. At the same time intervals, undiluted nasopharyngeal aspirates (NPA) and tracheal aspirates (TA) were collected for the determination of respiratory viruses. To measure the course of disease severity, the ventilation index was calculated as the product of the partial pressure of CO 2 (mm Hg) ϫ peak airway pressure (cm H 2 O) ϫ respiratory rate (breaths per min) divided by 1,000 (5) . In patients on the high-frequency oscillation ventilator (i.e., no respiratory rate available; n ϭ 2) the oxygenation index was used, calculated as the inspired oxygen fraction ϫ the mean airway pressure (cm H 2 O) divided by the partial pressure of oxygen in arterial blood. The control group consisted of 7 healthy infants around 4 weeks of age without current or recent clinical symptoms of a respiratory infection. The parents of the patients and controls gave their informed written consent. The study was approved by the Medical Ethical Committee of the University Medical Center, Utrecht, The Netherlands.
Respiratory virus detection and quantification. The presence of RSV and other respiratory viruses was determined by real-time (reverse transcriptase [RT]) PCR of NPA and TA. Nucleic acid was isolated as previously described (51, 52) . Shortly thereafter, nucleic acids were extracted using the MagnaPure LC total nucleic acid kit (Roche Diagnostics, Mannheim, Germany) and eluted in 100 l elution buffer. cDNA was synthesized by using MultiScribe RT and random hexamers (both from Applied Biosystems, Foster City, CA). Each 100-l reaction mixture contained 40 l of the eluted RNA. After incubation for 10 min at 25°C, reverse transcription was carried out for 30 min at 48°C, followed by RT inactivation for 5 min at 95°C.
Detection of respiratory viruses was performed in parallel, using real-time PCR assays specific for RSV A and B; influenza viruses A and B; parainfluenza viruses 1 to 4; rhinoviruses; adenoviruses; human corona viruses OC43, NL63, and 229E; human metapneumovirus; and human bocavirus. Real-time PCR procedures were performed as previously described (51, 52) . Briefly, samples were assayed in a 50-l reaction mixture containing 20 l of cDNA, 25 l of 2ϫ TaqMan universal PCR master mix (PE Applied Biosystems, Foster City, CA), and 200 to 900 nM concentrations of forward and reverse primers and 60 to 200 nM concentrations of each of the probes. Amplification and detection were performed with an ABI Prism 7900 sequence detection system. Efficient extraction and amplification were monitored through the internal control viruses (RNA virus, murine encephalomyocarditis virus, DNA virus, and phocine herpesvirus) (53) . The real-time PCR results were expressed as semiquantitative threshold cycle (C T ) values. For RSV, C T values were converted to the number of particles/ml using standardization curves generated with electron microscopy (EM)-counted stocks. The number of infectious RSV particles present in fresh NPA was determined by an end point dilution assay. HEp-2 cells grown in 96-well plates were inoculated with serial dilutions of the NPA in culture medium. RSV quantitative standards were run in parallel with each assay. For 10 days, the cultures were observed daily for cytopathological effects. The 50% tissue culture infectious doses (TCID 50 ) were determined using the SpearmanKärber relationship (26) .
Phenotyping of immune cells. Whole blood was stained with different extracellular monoclonal antibodies (MAbs) for 30 min on ice. The following MAbs were used to phenotype CD8 ϩ T-cell populations; fluorescein isothiocyanate (FITC)-conjugated anti-CD8 (CLB-T8/4 and 4H8), anti-CD45RO (UCHL1), and anti-CCR5 (2D7); phycoerythrin (PE)-conjugated anti-CD3 (SK7), anti-CD8 (SK1), anti-CD127 (R34.34), and anti-CCR7 (3D12); peridinin chlorophyll protein (PerCP)-conjugated anti-CD8 (SK1); and allophycocyanin (APC)-conjugated anti-CD3 (SK7) and anti-CD27 (L128), all purchased from BD Biosciences (San Jose, CA), except CD8-FITC (Sanquin, Amsterdam, The Netherlands) and CD127-PE (Immunotech, Marseille, France). For intracellular staining, cells were permeabilized and fixed using fluorescence-activated cell sorter (FACS) permeabilizing/fixation solution (Perm/Fix; BD Biosciences). Cells were stained intracellularly with FITC-conjugated anti-Ki-67 (B56), antiperforin (␦G9), Alexa 647-conjugated anti-granzyme B (GzmB) (GB11), or their isotype controls (BD Biosciences).
The following MAbs were used for the staining of neutrophils and eosinophils: PE-conjugated anti-CD49d (9F10) and Alexa 647-conjugated anti-CD16 (3G8), purchased from BD Biosciences. After cell surface staining, erythrocytes were lysed using lysis buffer containing 155 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM Na 2 -EDTA for 15 min. The cells were washed twice in FACS buffer and analyzed based on selection by forward and side scatter (FSC/SSC) and marker expression patterns with a FACSCalibur flow cytometer and CellQuest software or sorted on a FACS Aria (BD Biosciences).
Statistical analysis. Data were normalized so that a value of 100% was assigned to the largest number in a patient data set and 0% to the smallest number in the same data set (GraphPad 4.0; Prism). The relationship between positive bacterial cultures (yes/no) and the neutrophil response (maximum percentage of CD16 int CD49d neg neutrophil precursors [see below] within the total granulocyte gate) was calculated using the Mann-Whitney U test. The Pearson's correlation coefficients were calculated for (i) peak viral load (trachea), (ii) peak percentage of CD16 int neutrophils, and (iii) peak percentage of CCR5 ϩ CCR7 Ϫ CD8 ϩ T cells with (a) length of stay (LoS) in the ICU and (b) peak ventilation index on days 0 to 2 (SPSS 15.0 for Windows).
RESULTS

Study setup and clinical characteristics of patients.
Previously, we demonstrated that during severe primary RSV infections, virus-specific T-cell responses could be detected in the peripheral blood and bronchial alveolar lavage fluids of infants with severe RSV bronchiolitis (25) . We initiated the present study to elaborate on our previous work and to gain more insight into virus clearance, disease severity, and immune responses by studying the kinetics of neutrophil and developing T-cell responses in relation to the viral load and parameters of disease severity.
Twenty-two patients Ͻ52 weeks of age were included in the study. They all had severe RSV bronchiolitis and required mechanical ventilation due to respiratory failure (Table 1 lists the demographics). During the study, five patients were excluded because they developed signs and symptoms of a superimposed bacterial infection during their stay at the ICU and they had a repeat bacterial culture taken Ͼ2 days after admis- VOL. 84, 2010 IMMUNE RESPONSE DURING PRIMARY RSV DISEASE 2375 sion that was positive. Of the 17 patients who were included in the final analysis, 16 were Ͻ3 months of age, and 1 child was 5 months old. Peripheral blood samples, NPA, and TA were taken at the same time intervals. Upon study inclusion, the onset of symptoms (rhinitis, cough, fever, wheezing, apnea, dyspnea, vomiting, and diarrhea) reported by parents, gestational age at birth, and birth weight were recorded. On average, the RSV patients were symptomatic for 5.4 (standard error of the mean [SEM], 0.7) days before admission to the ICU. The severity of illness was assessed using (i) LoS in the ICU (days) and (ii) the parameters of mechanical ventilation (Fig. 1) . Since the exact moment of infection was unknown, the day of first clinical symptoms of a respiratory infection as reported by the parents was regarded as day zero. The disease was most severe in the first 2 to 3 days on the ICU in all patients. Kinetics of the RSV load. Viral RNA loads were measured in NPA and TA by real-time PCR and quantitative viral culture. The viral-RNA load was maximal in the first samples in both NPA and TA ( Fig. 2A and B) and decreased during the hospital stay but could still be detected in most patients in the NPA at the time of discharge (around day 17 after onset of symptoms) ( Fig. 2A) . Interestingly, RSV RNA was cleared more rapidly in the lower than in the upper airways (Fig. 2B  versus A) . In only 65% of the patients were we able to detect infectious virus particles by viral culture, and virus could never be cultured beyond day 10 after the onset of symptoms. This was well before discharge from the ICU in the majority of patients (data not shown).
Recruitment of neutrophil precursors into the blood during RSV infection. RSV infection is characterized by a massive influx of mainly neutrophils into the airways compared to control patients undergoing surgery for non-respiratory tract-related disease (15, 25, 48) . Neutrophils were phenotyped in order to monitor the systemic effects involved in neutrophil recruitment into the airways of RSV patients. Neutrophils were identified based on FSC/SSC patterns and staining with anti-Fc␥RIII (CD16) and VLA-4 (CD49d) (CD16 hi CD49d neg ) and could easily be separated from eosinophils (CD16 neg   CD49d hi ) (Fig. 3A) . Interestingly, during the course of RSV infection, we observed the appearance of a population of neutrophils with intermediate CD16 expression (Fig. 3B) . Banded neutrophils or their precursors recruited from the bone marrow into the blood by granulocyte colony-stimulating factor (G-CSF) or inflammatory conditions in general have lower expression of CD16 (28, 36) . To confirm that this was also the case during RSV infections and was not due to prolonged stimulation, we sorted granulocytes into three different populations based on negative (CD16 neg ), intermediate (CD16 int ), and high (CD16 hi ) CD16 expression (56) . Cytospins of these sorted cell populations were performed, and the presence of eosinophils (CD16 neg ) and mature/activated neutrophils (CD16 hi ) was identified by May-Günwald Giemsa staining (Fig.  3C ). The population of cells characterized by CD16 int was a heterogeneous population of neutrophil precursors consisting of myelocytes, metamyelocytes, and banded neutrophils, which are neutrophil precursors normally residing in the bone marrow ( Fig. 3C) (13, 14) . The same cell types were also observed in direct blood films from RSV patients (data not shown).
We quantified the percentage of CD16 int CD49d neg neutrophil precursors within the total granulocyte gate (neutrophils and eosinophils) over time during the stay at the ICU. We found very low numbers of neutrophil precursors in the blood of RSV patients at admission to the ICU, but they appeared a few days after admission to the ICU (Fig. 4A) . The main increase in neutrophil precursors for all of the RSV patients was between days 7 and 9 after the onset of symptoms (Fig. 4B) and subsided a few days later.
To determine whether nasopharyngeal-carrier status was related to the neutrophil response, the percentages of CD16 int CD49d neg neutrophil precursors within the total granulocyte gate were compared for patients with a positive bacterial culture and patients with a negative bacterial culture. The neutrophil responses were found to be similar in the two groups (mean percentage, 35% in both groups; P ϭ not significant).
Identification of activated CD8 ؉ T cells in peripheral blood. Because in infants younger than 6 months of age the majority of T cells are still naïve, the presence of an RSV-specific T-cell response could be readily identified by a large set of phenotypic markers that are known to be expressed on activated and/or memory CD8 ϩ T cells (25) . To monitor CD8 ϩ T-cell kinetics, we stained whole-blood samples with different combinations of activation markers. First, we used the combination of antibodies recognizing the chemokine receptors CCR5 and CCR7. CCR7 is expressed on naïve and central memory T cells, but not on effector T cells. CCR7 is the receptor for the ligands CCL19 and CCL21, which are mainly expressed in lymphoid organs (16) . The downregulation of CCR7 allows T cells to leave lymphoid organs, while upregulation of CCR5 directs the migration to inflamed sites, where the ligand RANTES (CCL5) is expressed, as in the RSV-infected lung (18, 46) . Figure 5A shows an example of the presence of activated CCR7 Ϫ CCR5 ϩ effector CD8 ϩ T cells (35.1% of CD8 ϩ T cells) in a patient during severe RSV bronchiolitis compared with a typical example of a healthy age-matched control child (0.9% CD8 ϩ T cells). A second way to identify effector CD8 ϩ T cells in this young age group is the combination of CD127 and CD45RO staining. CD127 is the receptor for interleukin 7 (IL-7) that is expressed on naïve and memory T cells and is required for homeostatic proliferation (33) . The IL-7 receptor is downregulated on effector T cells that are also identified by upregulated expression of CD45RO. Figure 5A shows that the combination of these markers identifies a similar fraction of effector T cells in the RSV patient that is enhanced compared to the control (29.4% versus 4.5%, respectively, of CD8 ϩ T cells). The combination staining of GzmB and perforin identifies CD8 ϩ T cells with lytic potential, while Ki-67 stains proliferating or recently di- (19, 34, 43) . Figure 5A shows that in the same patient, these combinations of markers also identified a similar fraction of CD8 ϩ T cells, GzmB-perforin (31.6% versus 0.2% in the control), or GzmB/Ki67 (31.2% versus 0.9% in the control). In previous work, we showed that these markers were all coexpressed on recently activated cells that were in large part also virus specific (reference 25 and unpublished results). Figure 5B and C show examples of the developing CD8 ϩ T-cell response over time in a second RSV patient using the combination staining for CCR7 and CCR5 (Fig. 5B) and GzmBperforin (Fig. 5C ). These data illustrate that the kinetics of the CD8 ϩ T-cell response can be visualized by both combinations of markers.
The identification of CCR5 ϩ CCR7 Ϫ and GzmB ϩ perforin ϩ effector CD8 ϩ T cells in peripheral blood allowed us to track the kinetics of the CD8 ϩ T-cell response in patients during the hospital stay. In Fig. 5D , the kinetics of the CD8 ϩ T-cell response are summarized for the patient group, based on expression of CCR5 ϩ CCR7 Ϫ . The data represent the percentages of effector CD8 ϩ T cells found on the depicted days, where day zero was the day of the first clinical symptoms. While the peak levels of the T-cell response varied significantly between patients (from 5% to 35%), the kinetics of the response were similar in most patients, peaking between days 11 and 15 after the onset of symptoms (Fig. 5D) . In one patient, the peak of the T-cell response was found 22 days after the onset of symptoms. This child had symptoms of the common cold for 2 weeks before admission to the hospital. Although we did not detect a different virus in this patient, it remains possible that a different viral infection preceded the RSV infection.
On admission, when the viral load and disease severity peaked, the percentage of effector CD8 ϩ T cells was extremely low and comparable to the percentages observed in the seven healthy control children (1.5%; SEM, 0.2). After extensive expansion, the number of effector CD8 ϩ T cells in the blood of RSV patients dropped from peak levels by the time of discharge. The kinetics and peak values in the effector CD8 ϩ T-cell response as measured by chemokine markers (CCR5 ϩ CCR7 Ϫ CD8 ϩ T cells) were very similar to observations made with GzmB ϩ perforin ϩ stained CD8 ϩ T cells (data not shown).
Combined kinetics of viral and immune parameters during RSV infection. The kinetics of the neutrophil precursors and activation of CD8
ϩ T cells combined with the quantitative data on the viral load and disease severity were normalized and grouped for every 2 days to eliminate variations in the heights of responses and the time point of sampling between the patients. The period between the first signs of infection, disease manifestation, and subsequent admission to the ICU was variable between patients due to so far unknown parameters (range, 2 to 14 days; average, 5.4 days). The viral load was shown to be maximal at or before admission to the ICU, and disease severity was highest around days 2 and 3 after admission to the ICU (Fig. 6A and B) . While the disease severity and viral load were declining, there was an influx of neutrophil precursors in the blood, followed by the activation of CD8 ϩ T cells (Fig. 6C and D) . Upon discharge from the ICU, RSV RNA was still detectable in the nose, the percentage of neutrophil precursors dropped to levels seen in healthy controls, and the level of CD8 ϩ T-cell activation also declined but remained higher than in healthy controls. Together, these data showed a sequence of events whereby (i) the viral load peaked before or upon hospital admission, when the disease was most severe, and (ii) neutrophil precursors peaked in the blood around days 7 to 9 after the onset of symptoms, while (iii) CD8 ϩ T-cell responses peaked in the peripheral blood toward the end of the ICU stay, around days 11 to 15 after the onset of symptoms.
We did not observe a correlation between the immune response activation (neutrophil precursors and effector T cells), the viral load, and the ventilation index. However, we observed a weak correlation between the height of the T-cell peak and the length of stay. This observation should be confirmed in a larger group of patients in the future.
DISCUSSION
We explored the dynamics of human neutrophil and CD8 ϩ T-cell responses during acute severe RSV-induced bronchiolitis in infants younger than 6 months of age. To our knowledge, this is the first longitudinal analysis correlating the parameters of innate and adaptive immune responses with the viral load and the parameters of disease severity during a natural primary viral infection in this age group. After admission to the ICU, both the viral load (as determined by real-time PCR) and, 2 to 3 days later, disease severity declined, indicative of the fact that these children were admitted to the ICU with peak values of viral load and disease severity. The decline in the viral load in children hospitalized with RSV disease has been described before by other groups (22, 54) . However, these studies used quantitative viral culture or evaluated the viral load for a short period after admission (Ͻ4 days). We found infectious RSV by viral culture in only 65% of the patients, whereas all patients were RSV positive by real-time PCR. With real-time PCR we could still demonstrate RSV RNA in the nasal area in nearly all patients at discharge, although in smaller quantities than at admission (Fig. 2B and C) . The observed presence of noninfectious virus might indicate that the virus was neutralized by antibodies. Interestingly, although serum antibodies were low in peripheral blood after RSV infection in the youngest infants (Ͻ6 months), antibody responses in nasal secretions were fast and were similar in magnitude and quality in infants and older children (30) . It has recently been shown that during RSV LRTI, B lymphocytes and plasma cells are recruited to the lungs of infants at the peak of RSV illness (44) . This mucosal B-cell activation most likely occurs in a T-cell-independent way, because CD4 ϩ T cells were not found in the lung tissue at the time B cells were abundantly present (44) , consistent with our observation that CD4 ϩ T-cell responses were hardly detectable in our patients and appeared late, i.e., at the time of recovery (data not shown). Interestingly, the RSV RNA load declined more rapidly in the lower airways than in the nasal areas. Because serum IgG antibodies are somewhat more efficient in accessing the lower respiratory tract, it is possible that more efficient clearance in the lower airways might indicate a role for IgG (47) .
Primary RSV infection is characterized by a strong influx of neutrophils into the airways (15, 25, 48) . Furthermore, increased numbers of neutrophil precursors in peripheral blood are a characteristic feature of severe inflammatory conditions (28, 42) . Therefore, the recruitment of bone marrow-derived neutrophil progenitors indicated a dramatic involvement of neutrophils during RSV disease, and the RSV infection presumably exhausted the banded-neutrophil pool in the peripheral blood (Fig. 4B) . Mechanical ventilation can induce a local and systemic inflammatory response and enhanced neutrophil activation and recruitment to the lungs (17) . However, in nonventilated children with severe RSV disease a strong neutrophil response has also been observed, demonstrating that marked involvement of neutrophils is a characteristic feature of RSV infection (57) . Nevertheless, it is possible that during the first days of respiratory support ventilation-induced effects might enhance neutrophil responses and even delay recovery. T-cell activation in peripheral blood was quantified based on a set of antibodies directed against well-known activation-associated surface markers and cytotoxic proteins: CD27, CD45RA, CD45RO, CD127, CCR5, CCR7, perforin, Ki-67, and GzmB. Based on these parameters, we showed that, despite the young age of the patients, a robust CD8 ϩ T-cell response developed during primary RSV infection. In all patients, CD8 ϩ T-cell responses peaked between 11 and 15 days after the onset of the first symptoms. The phenotype of the CD8 ϩ T cells showed that they were actively dividing cells (Ki67 expression) (19) . They acquired the ability to migrate to a peripheral site of inflammation, because we observed the reciprocal downregulation of CCR7, a lymph node homing receptor, and the upregulation of CCR5, a chemokine receptor involved in the migration of T cells to inflamed tissues. Moreover, the presence of components of the lytic machinery, GzmB and perforin, showed their functional potential (43 ϩ T-cell effector responses were found at day 15 after vaccination and declined sharply by day 30. YFV was detected in serum by PCR, and the viral load peaked on day 7 after vaccination and became undetectable by day 11. Peak CD8 ϩ T-cell responses based on phenotypic analysis ranged from 2 to 13% for YFV and 10 to 40% for Dryvax. The CD8 ϩ T-cell responses we detected in infants during natural infection with RSV were very similar to the T-cell responses in adults described by Miller after Dryvax and YFV vaccination. First, we found the peak of the CD8 ϩ T-cell response between days 11 and 15 after the first symptoms, which occurred 3 to 5 days later than virus inoculation (32) . In addition to the similarities in kinetics, we observed a range of responding CD8 ϩ T cells (between 1 and 40% of CD8 ϩ T cells) in our patient population comparable to the responses in healthy adults. The striking similarity between the kinetics and the height of the response in healthy adults and the predominantly Ͻ3-monthold infants during the different viral infections is remarkable. The infant immune system is generally considered to be immature and Th2 biased and is thought to be weaker than that of adults (1). However, our findings indicate that, despite their young age, infants can develop robust CD8 ϩ T-cell responses against a respiratory viral infection. In contrast to the complete virus eradication in serum observed after YFV vaccination, we still detected RSV by PCR in the airways of children at discharge from the ICU, which was around day 17 after the onset of symptoms. Hence, in this location, virus eradication seemed less efficient in RSV patients than systemic viremia in YFVvaccinated individuals. In earlier work, we found that one-third of the effector CD8 ϩ T cells of RSV patients, identified by phenotypic analysis, responded with gamma interferon (IFN-␥) production upon RSV stimulation (25) . Also, this observation was similar to the observations made by Miller et al. in adults, where one-third of the CD8 ϩ T cells also responded by production of IFN-␥ after antigenic stimulation. It is currently unclear why only one-third of the effector CD8 ϩ T cells produce IFN-␥ upon stimulation with virus antigen. In the infants in our study, the T-cell compartment consisted mostly of naïve cells, which makes substantial bystander activation unlikely. Also, after live-vaccine-induced CD8 ϩ T-cell responses in adults, no evidence of bystander T-cell activation was observed (40) .
All these similarities suggest that the neonatal response to an acute viral infection is comparable to primary T-cell responses induced in adults with respect to kinetics, magnitude, and function. The sequence of events in these children, with high viral loads and disease parameters upon admission to the ICU while T-cell responses were absent, suggests that these T cells play a minor role in RSV immune pathology. In contrast, massive neutrophil influx in the airways and subsequent recruitment of neutrophil precursors a few days after the peak viral load and disease severity indicated that these cells might be important contributors to RSV disease (15, 25, 48) . We cannot formally exclude the possibility that lung CD8 ϩ T-cell numbers peak before CD8 ϩ T-cell numbers in the peripheral blood. However, in mouse models of localized influenza virus infections, peak virus-specific CD8 ϩ T-cell numbers in the lung, peripheral blood, and spleen coincided (21) . Moreover, in a study by Welliver et al., who described lung tissue analysis in autopsy materials from RSV-and influenza virus-infected children (57) , lymphocytes were hardly detected in the lungs of the children who died from severe RSV LRTI. In contrast, strong neutrophil influxes were found in the autopsy material of these children (57) . These findings also suggested that at the peak of disease T cells do not play a significant role, because responses were low or had not fully developed at the time the children were severely ill.
It has been shown that neutralizing antibodies and antivirals have no protective ability when given during established disease (55) . This observation suggests that lowering the viral load during disease has no beneficial effect. Because T-cell responses peak at convalescence and therefore do not appear to contribute to pathology, manipulating innate immune parameters might be the only option for disease treatment, while replicating vaccines administered early might induce protective T-cell immunity.
